Tohoku University and Rikkyo University are carrying out the project of Venus observation with high precision using a balloon-borne telescope. For the optical remote sensing of Venus atmosphere, the pointing technology with high precision to restrain the slight moving of image is being developed. The target precision is only 0.1 arc seconds. In this paper, the dynamics model is defined, and the model parameters are determined by the experimental verification. By developing the numerical simulation tool, the motion in different structure configurations can be rapidly estimated.
Introduction
As the observation method in the intermediate between ground and space, the astronomy observation by a stratosphere balloon has been being carried out for a long time, and it can reach the 30-km altitude. Compared to ground-based telescopes, the balloon-bone telescopes have the advantage of image quality because of small air disturbance. And compared to spacecrafts, they have the advantageous of cost.
Because the balloon-bone telescopes do not experience the extreme vibration when it is ascending, and because the vacuum and temperature environment are not hard, the general-purpose laptop computers can be carried just as it is, and the flexible configuration of devices can be tolerated. The complicate communication system is not necessary because the devices can be collected at the end of flight operation.
The previous observation missions for the Venus atmosphere are not sufficient. The high-speed west wind called super-rotation has been confirmed, which reaches the 60 times speed as the Venus rotation. To solve the mechanism of this phenomenon, the optical observation with the high quality, the high resolution and the wide-range wavelength is necessary.
Tohoku University and Rikkyo University are carrying out the project of Venus observation with high precision using a balloon-borne telescope. For the optical remote sensing of Venus atmosphere, the pointing technology with high precision to restrain the slight moving of image is being developed. The first technical demonstration flight for about 10 hours has been planned to carry out in the summer of 2008 at Taiki Multipurpose Air Park with the supports by Japan Aerospace Exploration Agency (JAXA).
The first flight model has been already completed in the last summer, but the flight schedule was postponed because of the bad weather condition. In the future, the long-term observation flight of tens of days is planned at Kiruna in Sweden. The Venus is optically observed in the size of 10 to 60 arc seconds, and the target precision of pointing control is defined as 0.1 arc seconds. The mirror size of telescope is 30 cm, and the commercial off-the-shelf telescope and camera are used. The target precision is similar to the Subaru Telescope in Hawaii with the 8-meter mirror and the Hubble Space Telescope (HST) with the 2.1-meter mirror. This level of high precision observation has not been achieved in previous balloon-borne telescopes. The pointing control is classified to three stages, and all the stages are simultaneously processed at final. At the first stage, the solar panel is controlled to the solar direction.
At the second stage, the telescope is controlled to Venus direction. Finally, at the third stage, the inclination of mirror is controlled, which is installed in the intermediate between the telescope lens and the observation camera. The experiments of individual stage and the experiments of partial combined stages were carried out so far.
In this paper, the dynamics model is defined, and the model parameters are determined by the experimental verification. By developing the numerical simulation tool, the motion in different structure configurations can be rapidly estimated. By the results of this paper, the more effective strategy and gain determination for the pointing control can be utilized, the higher probability of mission success can be expected.
Outline of the Observation Project

Flight plan
The flight starts at 6 am, when the balloon is released, and it finishes at 4 pm , when the gondola is landing at the sea. The total flight time is about 10 hours. The very limited weather condition is required because the boomerang flight using westerlies and easterlies are adopted to secure the long-term observation time. The flight plan is shown in Fig.1 . The working of hardware is tested at the 10-km altitude, and the altitude rises by decreasing the weight of sands called ballast. And then, the mission of Venus observation is carried out for four hours at the 32-km altitude.
Flight model of Balloon-Borne Telescope
The gondola is hanged from the balloon, which uses the film of polyethylene filled up with helium. Between the gondola and the balloon, the Kevlar rope with 1-cm diameter, the parachute for gondola drop, and the multiple rings using four 1-cm-diameter nylon ropes are inserted between the gondola and the balloon.
The length between the gondola and the balloon is about 50 meters so that the balloon cannot obstruct the observation.
The appearance of gondola is shown in Fig.2 . The main structure consists of aluminum frames, and the solar panel and the counter-weight panel are attached. Considering the easy handling of components, the 5 layers are defined from the bottom to the top. At the bottom 1st layer, the ballast for the control of altitude is loaded. It is installed in the center of layer so that it cannot change the moment of inertia because the weight changes in the middle of flight. At the 2nd layer, the telescope, the battery and the sun sensors are loaded. The moving range of telescope is limited to ± 30 degrees because the side float panels obstruct the observation. The attachments of telescope are the star sensor and the container, which is including the CCD camera for the Venus observation, the photomultiplier (PMT), and tip/tilt mirror (TTM). At the 3rd layer, the waterproof and airtight container is loaded, which can keep the interior in atmospheric pressure at the altitude of vacuum. The laptop PC, which is the core device for measurements and data handling, and the related instruments are contained. The equipment can be recollected after landing at the sea. At the 4th and 5th layer, the control momentum gyro (CMG) and the decupling motor (DCP) are loaded.
The size, weight, and power are summarized in Table. 1. The size of main frames is 1 x 1 x 3.3 meters excluding the float panels, and the total weight is about 666 kg. The power consumption changes in the range from 227 to 284 watts according to the combinations of pointing control.
Mission hardware
The commercial-off-the-shelf Schmitt-Cassegrain telescope, which has the lens of 305-mm diameter and the 3048-mm focal distance, and the CCD camera with the 768(W) x 494(H) pixels are used for the Venus 
Flight operation
The observed images are recorded in the onboard storage, and it is recollected after the landing at the sea, but the partial images are transmitted in the analog signals. The measurement data of 384 bytes in single frame, which includes the house-keeping and attitude data, can be monitored during the flight every 1.3 seconds. Also, the 8 channels of on/off commands can be sent to the gondola from the ground station. The gondola can be manually controlled by the 64 commands using the double-layer command table.
The fully autonomous pointing control will have the high risk because the condition of environment will be not stable during the flight. So that, the control stages and parameters can be changed in the middle of flight, and the control strategy is simplified by decreasing a number of parameters as much as possible.
3. umerical analysis model for pointing control
Outline of pointing control and target precision
The size of Venus is 10 to 60 arcec in the camera view. So that, the target precision of three-stages pointing control is defined as 0.1 arcsec to avoid the blurred image, which is the half of CCD resolution.
In the 1st stage, the azimuth of gondola is controlled. Firstly, monitoring the measurement of onboard magnetometer at the ground station, the azimuth is changed by the command moving the DCP so that the sun is captured in the view of solar sensor which range is 43.9 x 56.2 degrees.
Secondly, the phase of onboard autonomous control is started. The sun is kept in the center of sensor view by using the DCP and the CMG. The required precision is 2.8 degrees at minimum, which is the view range of star sensor, and the maximum precision is 0.09 degrees, which is the CCD resolution of sun sensor.
In the 2nd stage, the azimuth and elevation of telescope are controlled so that the Venus can be captured in the view of mission camera. Firstly, the time and location of Venus are inputted to the onboard PC before the flight, and the angle between the Sun and the Venus at the real position and time are calculated based on the GPS information in flight.
And then, the direction of telescope is controlled to roughly point to the Venus to capture it in the view of star sensor, which range is 3.69 x 2.77 degrees.
Secondly, the phase of onboard autonomous control to keep the Venus in the center of star sensor view is started. The required minimum precision is 0.03 degrees, which is the view range of telescope, and the maximum precision is 0.006 degrees, which is the CCD resolution of star sensor.
The same CCD cameras are used with the different lenses for the sun sensor and the star sensor. The area and the center coordinates of image are measured by the binarization function of the image capture board.
In the 3rd stage, the Venus direction is measured by the PMT, and the TTM is controlled to keep the target in the center of mission camera which range is 0.04 x 0.03 degrees.
3.2.
umerical analysis model for 1st stage control The gondola motion hanged to the balloon is classified to the motion around the vertical axis and the libration motion. In flight, the large libration happens when the altitude is increasing, but it is settled into 0.1 arc minutes in several minutes after the level flight based on experience. Therefore, the libration motion is neglected because it is small compared to the motion around the vertical axis.
The moments of inertia estimated by the gondola model in CAD are The gondola motion is defined by
where θ is the azimuth of sun sensor, , C K are the differentiation and proportional constants of the hanging wire, d
θ is the gondola azimuth without the twist of hanging wire, and c T is the control torque generated by CMG. The origin of azimuth direction is the Sun direction shown in Fig. 5 .
The each constant of the hanging wire is determined by the experiment. The flight model of gondola is hanged by the 1.5-m Kevlar rope, and θ is measured with no control by using the dummy Sun of incandescent lamp. CMG shown in Fig.4 is the control device to generate the torque by the gyro effect, in which the axis of rotating flywheels with very high speed is declined. The Twin CMG including the two reverse flywheels is developed for this project, by which the torques around the axes excluding the hanging wire direction is canceled. 
where H is 1.02 N.m.s. The angle is defined by zero when the plane of wheel is vertical, the wheel can be declined in the range of ± 60 degrees. The DCP and the CMG are controlled by using the measurement m θ of sun sensor. The DCP shown in Fig.4 gives the twist to the hanging wire with an optional angular velocity, and the azimuth of gondola can be controlled by the reaction. The control strategy is to roughly control the azimuth by DCP and to suppress the vibration by CMG. The control values are defined by eq.(3), where (1) is continued until the vibration is alleviated to some extent. Secondly, the vibration is actively reduced by CMD at phase (2). The condition of acting CMG is limited to 3 deg θ < , then it is avoided for the declination of CMG wheels not to exceed the limitation range. Thirdly, the azimuth of gondola is controlled by DCP so that the center angle of vibration can be zero at phase (3). Finally, CMG is always worked to restrain the vibration at phase (4), and DCP is stopped because it causes unwished vibration. The time to change phases is optionally selected. It is planned that the phase is manually changed after monitoring the real-time conditions in flight. From the results, the simulator reproducing the experiment could be constructed.
3.3.
umerical analysis model for 2nd stage control After the star sensor captures the Venus, the control to keep the Venus in the center of sensor view is carried out. The angular velocity of motor attached to the telescope can be controlled by the serial communication from the onboard PC. The origin is defined in the center of sensor view, and the azimuth and elevation of Venus are defined by , x y are a multiple of the CCD resolution of star sensor, and they are rounded off and are updated every the control interval t ∆ . Where, the resolution is 0.006 degrees, and the t ∆ is 200 ms. The comparison of experiment and simulation is shown in Fig.7 . The right graph shows the enlarged one of left graph. The target of experiment is an anonymous star. The initial values are − 1.044 degrees for v x , and − 1.091 degrees for v y . The target is moving with the speed of 0.003 deg/s in azimuth direction and 0.003 deg/s in elevation direction, and these are considered both in the experiment and the simulation. It can be confirmed that the both results roughly coincide.
3.4
umerical analysis model for 3rd stage control The photomultiplier (PMT) is the sensor with extremely high sensitivity using the photoelectric effect. It has the respondency of the order of nanoseconds also. Because the center of target star is measured by 2 x 2 pixels of PMT, the focus distance is shifted on purpose for the image to be shaded off so that the light can be received by all the pixels. The measurement voltage of each pixel is the range of 0 to 10 V.
The measurements of each pixel are defined by 
where p α is the converting constant from the voltage to the angle.
The tip/tilt mirror (TTM) is the two-axis controlled mirror, which inclination can be delicately controlled. It uses the elasticity of piezo, which sustains the mirror and changes according to the provided voltage. The high voltage of ± 50 V is required to change the mirror inclination, so the voltage amplifier unit is used. The control voltages from the onboard PC is ± 5 V. The range of mirror inclination is ± 1 mrad, and the resolution is 0.1 rad µ . The angular velocity of TTM is controlled so that the coordinates of x y , and the control formulas are defined as follows, where t K is the control gain.
The control voltages from the PC are defined by , tx ty V V , and the converting constant t α is defined, then 
where t x changes into a positive direction according to the voltage ascending, but t y changes into a negative direction because of the alignment of TTM.
The azimuth and elevation coordinates of target relative to the direction of telescope are defined by , x y . The ones of target in the camera view are defined by , 
In the 3rd stage control, the TTM coordinates , t t x y are controlled for the PMT measurements x y in camera view is shown in Fig.9 , and the history of 
